onventional methods of imaging in the investigation of developmental dysplasia of the hip all have disadvantages, either in definition or in exposure to radiation. We describe a new open-configuration MR scanner which is unique in that it allows anaesthesia and access to the patient within the imaging volume for surgical procedures and application of casts. We performed 13 scans in eight anaesthetised infants. Dynamic imaging revealed two dislocated hips which were then visualised during reduction. Hip spicas were applied without removing the patient from the scanner. In one hip, an adductor tenotomy was carried out. In all patients, stressing the hips during dynamic imaging allowed an assessment of stability. This was particularly useful in two hips in which an analysis of stability in different positions facilitated the planning of femoral osteotomies. This method of imaging provides new and important information. It has great potential in the investigation of developmental dysplasia of the hip and, with ultrasound, may allow management without the need for radiography. [Br] 1999;81-B:392-7. 
Safe, detailed and reproducible imaging in the management of developmental dysplasia of the hip remains a problem. Plain radiography, ultrasonography, arthrography, CT and MRI all provide valuable information, but each has its drawbacks. Plain-film radiography is limited by the inability to show soft tissues and repeated exposure to ionising radiation. [1] [2] [3] [4] [5] [6] [7] [8] [9] Arthrography allows dynamic imaging to be achieved and is the yardstick against which other techniques are measured. It is, however, an invasive procedure which involves considerable doses of ionising radiation and does not directly visualise the anatomy of the soft tissues in more than one plane. 3, 7, 8 Ultrasonography is safe and multiplanar real-time imaging is possible. It can be used to monitor treatment in a harness, splint or hip spica, but interpretation is difficult and requires experience. 1, 5, [7] [8] [9] CT and MRI are non-invasive and give excellent pictures, but CT requires substantial exposure to ionising radiation, 10 and imaging is only possible in one plane. Conventional MRI has many advantages, as has been recently illustrated. 11 It provides excellent soft-tissue discrimination and multiplanar imaging. Nevertheless, the technique is slow and only static imaging is possible. In young children general anaesthesia is required. The open configuration MRI system which we describe combines the advantages of conventional MRI with access to the patient by the operator to move the limb. Dynamic imaging in near real-time can be achieved, allowing the analysis of bony and soft-tissue components while assessing stability. Immobilisation in a cast and some surgical procedures can be carried out within the imaging volume. These are all potential advantages over current methods of imaging and merit proper assessment. It is expensive, slow and, as yet, the true value of the images has not been determined. We describe a preliminary assessment of this technique in eight patients.
Patients and Methods
Eight patients (seven girls and one boy) received a total of 13 scans over a period of ten months. Their mean age was 16 months (3 to 38) at the time of the first scan.
We used an open configuration Signa SPIO MRI system (General Electric, Milwaukee, Wisconsin). In this system the coils of a 0.5 Tesla superconducting magnet are housed in separate, but communicating cryostats (Fig. 1 ). This provides a gap 56 cm wide in which the surgeon has access to the patient within the most homogeneous part of the static magnetic field. There are no radiofrequency coils in the gap. Instead, flexible surface coils act as both transmitters and receivers and can be wrapped unobtrusively around the part of the anatomy to be imaged. Imaging is achieved either in a conventional static mode, or in a realtime mode with control of the image plane and position. [12] [13] [14] [15] [16] [17] Rapid gradient-echo scans at a rate of one scan every two to four seconds are used. General anaesthesia is required and longer ventilation tubing is needed to reach the infant. Induction of anaesthesia takes place within the scanner room on the sliding operating table outside the bore of the magnet. While the anaesthetic monitoring equipment (Maglife; Groupe Bruker Odam, Wissembough, France), ventilator (Penlon, Abingdon, UK) and Boyles machine (Ohmeda, Madison, Wisconsin) are specifically MR-compatible, many of the disposables are plastic and can be used as normally. The intubated infant is positioned on a specially made wooden hip spica table which rests on the main operating table (Fig.  2) and slides into the bore of the magnet. The caudal end of the special table tapers to a point and is raised by 10 cm from the base to support the sacrum. The legs can be left free or held in special holders to allow full assessment of hip movements, positioning of the surface coil and, if required, the application of a hip spica. A small, flexible single-loop surface coil is wrapped round the pelvis to optimise imaging of the hips. This coil is easily removed and replaced over a hip spica when required. Communication between the operator and the control room is maintained by a microphone and speaker. Two liquid-crystal MR-compatible monitors are mounted in the gap between the magnets and display the MR images to the operators.
With the scanner in static mode, coronal and axial T1-weighted spin-echo images (TR 500, TE 19, FOV 24, all scans 4.0 mm thick, 256/192 matrix, 4 NEX) are initially obtained to assess the anatomy of the hip in detail. Dynamic imaging using a fast gradient-echo sequence is carried out for the evaluation of joint movement. Inversion-recovery prepared sequences are used which provide moderate T1-weighting. Rapid scans can then be obtained to assess the position of the hip as the femur is moved, with rapid switching between the coronal and axial planes, the axial images being the most useful. It was found that the best near real-time images were achieved by the operator stabilising the pelvis with one hand and moving the abnormal hip while a single image centred on the femoral head of the normal hip was repeated every two seconds. Further static spin-echo images of the hip may be obtained after a spica is applied. When imaging and application of a cast have been completed, the infant is withdrawn from the magnet on the imaging table.
Results
In two hips dynamic imaging revealed a dislocated but reducible hip which was visualised during reduction. Hip spicas were applied without removing the patient from the scanner. In one hip, an adductor tenotomy was carried out within the imaging volume. In all patients, stressing the hips during dynamic imaging allowed an assessment of stability to be made. This was particularly useful in two hips in which an analysis of stability in different positions facilitated the planning of subsequent femoral osteotomies.
One patient (case 2) demonstrated hip morphology which we believe has not been shown before. This infant was born with a dislocatable right hip which failed to relocate and stabilise after treatment in a Pavlik harness.
At the age of five months she underwent a period of Gallows traction. Examination under anaesthesia and screening under image intensifier showed a locatable right hip which was more stable after an adductor tenotomy. After three months in a hip spica, plain radiography revealed a small femoral head reduced in a dysplastic acetabulum. Dynamic MRI demonstrated a small, concentrically reduced right femoral head in a shallow acetabulum. The femoral head subluxated anteriorly on hip abduction. While evident on individual inversion-recovery prepared images, the anterior subluxation was best seen on the ciné loop of these images. Clinically, the femoral head was palpable anteriorly demonstrating a 'lump' sign. 18 This can be seen on the MR scan (Fig. 3) . A splint was applied under imaging control and maintained for three months. After its removal, plain radiography showed that the right hip had redislocated. She then had a second dynamic MR Fig. 1 Diagram of the open configuration of the MR imaging system Signa SPIO. Fig. 2 Photograph of a child anaesthetised in the scanner on the wooden hip spica table.
scan nine months after the first. This showed a good acetabulum with a hip which was located and stable in internal rotation but dislocated in flexion (Fig. 4) . The dynamic scan was helpful in assessing the best position for stability. A varus derotation osteotomy has been carried out and the hip remains stable.
In another patient (case 4), a boy with a chromosomal disorder, dynamic MRI helped to plan an appropriate femoral osteotomy. He had had a difficult, resistant, dislocating right hip. Conservative treatment failed, and at 13 months he had an open reduction and a Salter innominate osteotomy. When his hip spica was removed there was concern that he still had an unstable hip and he therefore had dynamic MR imaging. T1-FSE-images showed that the femoral head was reduced in the realigned acetabulum, but was still unstable anteriorly. Inversion-recovery prepared real-time imaging (Fig. 5) allowed the optimum position for containment of the femoral head to be determined, so that an appropriate femoral osteotomy could be planned. This has been done and he is now walking with a stable, but still dysplastic hip.
In the final patient (case 8) dynamic MRI showed correct positioning of the femoral head in a very small, rudimentary acetabulum. Arthrography was also carried out and the information obtained from both techniques could be compared. The girl had been referred when 18 months old with an abnormal gait. She was found clinically to have a dislocated left hip and was treated in Gallows traction. She then had dynamic MR imaging. The acet- abulum was virtually non-existent and a false acetabulum was seen to be developing superiorly (Fig. 6) . The hip was found clinically to reduce into the rudimentary, but normally positioned acetabulum on internal rotation in flexion (Fig. 7a) , which was confirmed on dynamic imaging. It was also stable in abduction in any position of rotation (Figs 7b to d) but very unstable on flexion. A plaster spica was applied within the scanner, after which static images confirmed reduction. A subsequent arthrogram has confirmed the reduction but did not show the instability in flexion (Fig. 8) .
Discussion
The new open configuration Signa SPIO is a 0.5 Tesla superconducting MR scanner and is the first of a new generation which offers considerable advantages over a conventional magnet, giving access to the patient in the scanner within the imaging volume. This allows simultaneous manipulation or intervention and scanning, with the facility for near real-time imaging to show movement of the joint and to examine it under stress for stability. The excellent definition of the cartilaginous acetabulum and femoral head allow a detailed assessment of their anatomy and relationship to one another. Both fast-spoiled gradientecho sequences and inversion-recovery prepared sequences used during the dynamic imaging provide mainly T1-weighted images. The imaging can be repeated after application of a spica without moving the infant. In addition, the development of MR-compatible anaesthetic equipment has facilitated safe general anaesthesia of infants within the scanner. The machine is large and has to be housed in an operating theatre. Communication between members of the surgical team is more difficult. The magnet limits direct lines of vision and creates considerable noise during imaging. A microphone-speaker system is required to link the surgeon with the control room. Close monitoring of the infant during anaesthesia is difficult since the head is concealed within the bore of the magnet and is only seen on a video camera. It is expensive, combining the costs of MRI with that of an operating-theatre. The presence of strongly ferromagnetic implants that may move or dislodge within the magnetic field is considered a contraindication to MRI. 8, [19] [20] [21] A standard screening questionnaire is completed by the parent before surgery to minimise this risk, although metallic implants are rare in infants. This risk applies equally to surgical equipment which is brought in to the scanner room. All instruments are screened using a hand-held magnet before being allowed close to the main magnet. Particular care must be observed when using a scalpel with a ferromagnetic blade during an adductor tenotomy. When undertaking invasive procedures within the scanner the problem of access caused by the surface coil and the potential image distortion by metallic instruments during scanning must be considered. We have tried to make an objective appraisal of the potential of interventional MR scanning in the management of developmental displacement of the hip. The indications are broadly the same as for arthrography and patients were selected on this basis so that a general anaesthetic was justified. In all these cases much of the information could have been obtained from ultrasound and arthrography. It was interesting to visualise reduction of the hip in four patients, although this was unexpected. There was concern about damage to the femoral head as seen in one patient on subsequent radiological examination.
Relocation can be seen on screening under image intensifier. The only real advantage was that this was visualised without radiography, and possibly provided better evidence for relocation in a very unstable hip. For those experienced in arthrography, MRI may not provide any more information. For the less experienced, the easier interpretation and the axial views make the pathology easier to understand. For example, it can be clearly demonstrated that the labrum obstructs relocation circumferentially, not just superiorly, as seen on arthrography (Fig. 9) . There is also the potential to carry out MR-guided surgical procedures. We have undertaken adductor tenotomies. This could be extended to psoas tenotomy and even a limited open reduction, but clearly this must be approached with caution. The most valuable information was that which helped to plan the femoral osteotomies in two patients. In the final patient (case 8) in which the axial views showed that the hip was unstable in flexion, it was clear that any form of acetabular reconstruction which compromised the posterior acetabular wall would be likely to fail.
Our study has shown that operator-controlled, near realtime dynamic interventional resonance MRI under general anaesthesia can produce good images of the pathological hip in very young infants. This is an early machine, which at the time of writing, is the only one in the UK. Others will follow; its use in other fields of medicine and surgery is well established. As the machines become more powerful and as near real-time becomes real-time, it has the potential to become a very useful tool in the imaging of developmental dysplasia of the hip.
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